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It is well established that HSV, especially HSV-2, cannot replicate in tissue culture cells at temperatures of 41 to 42 °C (Crouch & Rapp, 1972; Darai & Munk, 1973; Marcon & Kucera, 1976; Levine et al., 1980; E. L. Notarianni, unpublished results) . We have utilized this property to develop an in vitro latency system for HSV-2 which, although partly based on previously described models, shows many important novel features. In particular, no chemical inhibitors of virus replication are used, a high efficiency of reactivation is observed, and latency is maintained at 37 °C, a temperature permissive for virus growth.
Confluent monolayers of human foetal lung (HFL) cells on 35 mm diam. Petri dishes (approx. 106 cells/plate) were infected with HSV-2 strain HG52 at a m.o.i, of 0.003 p.f.u./cell (i.e. 3000 p.f.u./plate). The virus was allowed to adsorb to the cells for 1 h at 37 °C, the remaining virus inoculum was aspirated and the monolayers were washed once in Eagle's medium containing 5 ~ foetal calf serum (EF5). Infected monolayers were overlaid with EF5 and incubated at 42 °C for 6 days. Daily medium changes were performed as rapidly as possible at room temperature using EF5 which was prewarmed to 42 '~C. Cultures were shifted to 37 °C for a further 4 days, during which time the medium was changed every day or on alternate days. Throughout this 37 °C incubation, sample monolayers were scraped into the culture medium, sonicated thoroughly, and tested for the presence of infectious virus by plaque assay.
No virus was detected in the growth medium from cells maintained at 42 °C, and it was only rarely detected in cell sonicates or growth medium during the ensuing 4 days at 37 °C. HSV-2 was therefore in a non-infectious state within the HFL cells and since, as described later, it is possible to reactivate HSV-2 from these cultures, the virus-cell interaction is considered here to be latency. On the rare instances when infectious virus was detected in a latently infected cell monolayer at 37 °C, it appeared to arise from one or two plaques. In all experiments, therefore, it was important to maintain untreated, latently infected cultures as controls to assess the level of 'spontaneous' reactivation. In 468 control cultures from 12 experiments, four monolayers (arising from two experiments) showed spontaneous reactivation of one or two plaques after incubation for 6 days at 42 °C followed by 4 days at 37 °C. Furthermore, after a further 2 days at 38.5 °C, three monolayers (arising from one experiment) out of 81 control cultures spontaneously reactivated virus. Infectious virus was never detected in cell sonicates from monolayers which showed no evidence of HSV-2 cytopathic effect. Thus, over a 6 day period at temperatures permissive for HSV-2, infectious virus was undetectable in nine out of 12 experiments, and was not reactivated at significant levels, compared with the efficiency obtained by experimental reactivation (see later), in the other three. The vast majority of infectious HSV-2 particles initially applied to the HFL cells was therefore rendered non-infectious by incubation at 42 °C and was considered to have entered a latent state.
For the virus cell interaction of the system described here to be considered as latency, it was essential to demonstrate reactivation of HSV-2. It has previously been shown that latent HSV can be reactivated in culture by superinfection with HSV ts mutants or with HCMV (ColbergPoley et al., 1979 : Lewis et al., 1984 Wigdahl et al., 1982a) . Cell monolayers were therefore superinfected at 38.5 °C with the HSV-1 ts mutants tsKsyn or tsIsyn, both of which, in contrast to HSV-2 strain HG52, form syncytial plaques on HFL cells. Mutant tsKsyn has a mutation in the coding sequences for Vmw175 and synthesizes only immediate early (IE) proteins at 38.5 °C, whereas tsIsyn is a late mutant which produces viral DNA as well as most polypeptides at the non-permissive temperature (Marsden et al., 1976; Preston, 1979; Preston, 1981) .
Cultures were superinfected with the ts mutants at multiplicities of 0.03, 0.1 or 0.3 p.f.u./cell, overlaid with growth medium containing neutralizing human serum, and plaques were counted after incubation for 2 days at 38.5 °C (Table 1) . Following superinfection with either mutant, cell monolayers contained plaques which were predominantly non-syncytial, resembling HSV-2. The number of plaques increased approximately in proportion to the amount of ts mutant, but it should be noted that m.o.i, values of 1 or more gave reduced plaque numbers due to cell killing (results not shown). To confirm that the non-syncytial, non-ts virus was HSV-2 rather than revertants or intertypic recombinants of tsKsyn, DNA was labelled in vivo with 32Pi and digested with BamHI, as described by Lonsdale (1979) . All of the eight virus samples analysed contained DNA characteristic of HSV-2, with no evidence for the presence of recombinants ( (results not shown). Three other strains of HSV-2 (333, 186 and UW268) behaved in a similar manner to HG52 in the latency system (results not shown).
Other viruses were tested for the ability to reactivate HSV-2 (Table 1) . HCMV was as efficient as HSV-1 ts mutants, in agreement with previous findings in a related in vitro latency system (Colberg-Poley et al., 1979 , 1981 Wigdahl et al., 1981) ; the virus produced was identified as HSV-2 by its ability to form plaques on BHK cells, which are non-permissive for HCMV (results not shown). By contrast, adenovirus type 2 (Ad2) or type 5 (Ad5), or tsK which had been irradiated with u.v. light to prevent gene expression, did not induce the formation of plaques. In these cases, no virus was detected after harvesting, sonicating and titrating cell cultures. It appears, therefore, that expression of some HSV-1 or HCMV genes, rather than merely virus adsorption or penetration, is necessary for reactivation of HSV-2. The virion component that stimulates IE transcription is probably not directly involved in reactivation, since it can be supplied efficiently by u.v.-irradiated tsK (Preston et al., 1984) .
The fact that tsKsyn, which expresses only IE polypeptides, was as effective as the late mutant tsIsyn suggests that one or more IE proteins, presumably excluding functional Vmw175, is responsible for initiating reactivation. In turn, this result implies that a defect in the production or function of IE polypeptides is partly or entirely responsible for the failure of HSV-2 to replicate in latently infected cells. The HSV-1 IE polypeptide Vmw110, which is synthesized in tsK-infected cells at 38.5 °C, has recently been shown to stimulate the transcription of viral and cellular genes (Everett, 1984; O'Hare & Hayward, 1985) , and the IE polypeptides of HCMV exhibit a similar activity (Everett, 1984) . It should be noted, however, that an alternative explanation exists for the ability of tsKsyn to reactivate HSV-2. If the latently infected cells express Vmw182 (the HSV-2 equivalent of Vmw175), this could complement tsKsyn, enabling all HSV-1 polypeptides to be synthesized, any of which might be responsible for reactivation.
From the data presented in Table 1 , it is clear that a high proportion of the infectious HSV-2 particles can be reactivated by superinfection. For example, in cultures of 106 cells initially infected with 3000 p.f.u, of HSV-2, an average of 209 plaques were detected after superinfection with 0.1 p.f.u./cell of tsKsyn or tsIsyn, and 332 were observed after superinfection with 0.1 p.f.u./cell of HCMV. This finding suggests that the efficiency of reactivation is very high, since only 10~o of HFL cells harbouring HSV-2 will have received a potentially infectious superinfecting virus particle. To investigate further the efficiency of reactivation, lower initial doses of HSV-2 were used ( Table 2 ). The results show that 15 to 34~ of the initial infectious HSV-2 could be reactivated by superinfection with 0.3 p.f.u./cell of tsKsyn, and imply that a greater proportion (50 to 100~o) could be attained but for the problem of cytotoxicity at higher multiplicities of tsKsyn. This calculation could be affected by the presence of non-infectious HSV-2 or tsKsyn particles in two ways. It is possible, although unlikely, that some defective HSV-2 particles unable to form a plaque on normal cells could nonetheless establish, and be reactivated from, a latent state in heat-treated cells. A more probable situation is that defective virions of tsKsyn could reactivate HSV-2, and thus 34~ could be close to the maximum proportion of initial infectious HSV-2 particles that can be recovered. The calculation also * Normal untreated or heat-treated (preincubated at 42 °C for 6 days followed by 4 days at 37 °C) HFL cells were infected with 0.003 p.f.u./cell of wt HSV-2 or with virus isolated by superinfection of latently infected cultures with tsKsyn (reactivated virus). After various periods of incubation at 37 °C, cell monolayers plus growth medium were harvested, sonicated and titrated. depends on the well established observation that replication and spread of HSV-2 to form new foci of infection does not occur at 42 °C (Crouch & Rapp, 1972; Darai & Munk, 1973; Marcon & Kucera, 1976; Levine et al., 1980; E. L. Notarianni, unpublished results) . Addition of neutralizing rabbit anti-HSV serum (a gift of Dr A. Cross) to the growth medium during the first 2 days of incubation at 42 °C did not affect the number of plaques produced after superinfection with tsKsyn, suggesting that HSV-2 did not replicate and spread at 42 °C in the system reported here. (It should be noted that spread of virus to adjacent cells would not be prevented by the presence of antiserum, but that such foci would yield only one plaque upon superinfection.) It appears, therefore, that a very high efficiency of reactivation can be achieved, compared to values of not greater than 3 ~ in systems that rely on the use of inhibitors to produce repressed cultures (O'Neill, 1977; Wigdahl et al., 1981 Wigdahl et al., , 1982a ).
The absence of detectable HSV-2 after incubation of infected HFL cells at 42 °C could be due to alterations in the virus-cell interaction, resulting in a non-permissive system which was stable upon downshift to 37 °C. To test this possibility, the growth of wild-type (wt) HSV-2 or a reactivated virus sample was compared in normal HFL cells and cells that had been preincubated for 6 days at 42 °C followed by 4 days at 37 °C (Table 3 ). The results show that wt HSV-2 and the reactivated virus grew equally well in both cell systems. Therefore, nonpermissiveness of cells or heritable changes in the properties of the virus did not account for the failure to detect HSV-2 in latently infected cultures at 37 °C. A persistent infection is also extremely unlikely, since any virus present would rapidly replicate and spread.
To investigate whether alterations in cell growth state could reactivate HSV-2, latently infected HFL cells were subcultured by trypsinization and replating on new Petri dishes at half the original cell density. Monolayers were grown to confluence and tested for the presence of HSV-2. No infectious virus was recovered in the growth medium or after harvesting, sonication and titration of cells, but superinfection with tsKsyn was able to reactivate HSV-2 (Table 4 ). The (2) * Experimental details and presentation of results are as described in Table 1 . t At each passage, cell monolayers were trypsinized and reseeded at half the original density. Superinfection was carried out when cell monolayers were confluent.
:~ rqD, Not done.
number of plaques produced per plate after superinfection with tsKsyn declined as cells were subcultured, although HSV-2 could still be reactivated after three passages. There are many possible explanations for the reduction in the number of observed plaques per plate after superinfection with tsKsyn. It may be that cells harbouring HSV-2 divide very slowly or not at all, or that virus can be reactivated less efficiently from progeny cells. Another possibility is that cells containing HSV-2 may divide normally but survive trypsinization less readily. These suggestions are not mutually exclusive, and further studies will be necessary to determine the fate of HSV-2 genetic information during subculture of latently infected cells. Various other manipulations of latently infected cells, for example treatment with dimethyl sulphoxide, 12-O-tetradecanoylphorbol 13-acetate or u.v. light, failed to reactivate HSV-2 (results not shown). Therefore, the virus-cell interaction, once established, appears to be relatively stable to alterations in the cellular metabolic state.
In the use of HFL cells and supraoptimal temperatures to suppress virus replication, the system reported here is similar to work published by O'Neill (1977) , who has examined HFL cells after infection with HSV-2 at 39.5 to 40 °C, but found that all cultures rapidly produced virus when downshifted to 37 °C. It is likely, therefore, that the higher temperature of 42 °C may be important for establishment of the latent state. Another distinctive feature of our results is the high frequency of reactivation; thus, it is possible that establishment of latency occurs more readily at 42 °C than in cells treated with inhibitors of virus replication at 37 °C. It is also important to note that here we define the latent state as the period, albeit short, at the permissive temperature of 37 °C rather than 39-5 to 40-5 °C used in inhibitor-treated repressed cells. Thus, although the system we describe is similar to, and indeed partly based on, previous studies by others, differences exist in the methodology used and results obtained. It is not clear whether these variations are a matter of degree or if the virus-cell interactions are fundamentally different.
The mechanism of establishment of latency at 42 °C is unclear at present. A possible sequence of events involves inactivation of an essential viral polypeptide, thus inhibiting one or more aspects of virus replication and enabling the viral genome to be converted to a latent state. Alternatively, a cellular response to supraoptimal temperature such as the heat shock response, which is known to affect transcription, may alter the normal pattern of viral gene expression and allow a latent state to be established. Heat shock proteins are produced in HFL cells incubated at 42 °C (E. L. Notarianni, unpublished results).
The relevance of the system described here to latency in vivo is difficult to ascertain at present. We have examined events during a relatively short period at 37 °C with the view that the principles established may be applicable to longer-term situations. The use of fibroblasts, rather than neuronal cells, may not, as generally supposed, be an important variable since the relevant feature of the neuron may be its metabolic state rather than its extreme differentiation per se. Incubation at 42 °C might, therefore, induce cell cycle changes which mimic the quiescent nature of neuronal cells. At present, there are no properties of latency in vivo which could be applied as unequivocal criteria for an equivalent interaction in vitro.
Whatever the ultimate relevance to latency in vivo, we have described a system in which HSV-2 can be maintained in a non-infectious state and can be reproducibly reactivated with high efficiency. This should permit an analysis of a new virus-cell interaction, and might reveal additional properties of HSV IE polypeptides, since these are implicated in the reactivation process.
